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Edited by Judit Ova´diAbstract 6-Shogaol and 6-gingerol are ginger components with
similar chemical structures. However, while 6-shogaol damages
microtubules, 6-gingerol does not. We have investigated the
molecular mechanism of 6-shogaol-induced microtubule damage
and found that the action of 6-shogaol results from the structure
of a,b-unsaturated carbonyl compounds. a,b-Unsaturated car-
bonyl compounds such as 6-shogaol react with sulfhydryl groups
of cysteine residues in tubulin, and impair tubulin polymeriza-
tion. The reaction with sulfhydryl groups depends on the chain
length of a,b-unsaturated carbonyl compounds. In addition,
a,b-unsaturated carbonyl compounds are more reactive with sulf-
hydryl groups in tubulin than in 2-mercaptoethanol, dithiothrei-
tol, glutathione and papain, a cysteine protease.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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a,b-Unsaturated carbonyl compound1. Introduction
Microtubules are cytoskeletal components involved in
numerous cellular functions including mitosis [1]. Interfering
with microtubule dynamics induces cell cycle arrest during
the M phase, leading to a form of cell death called mitotic
catastrophe [2,3]. Thus, microtubule-interfering agents such
as Vinca alkaloids and taxanes are widely used in the treatment
of hematological malignancies and solid tumors. Furthermore,
recent studies have indicated that microtubules regulate cell
motility in close collaboration with actin ﬁbers [4] and that
microtubule-interfering agents can impair angiogenesis within
a tumor by inhibiting endothelial cell motility rather than pro-
liferation [5]. These ﬁndings suggest microtubule-interfering
agents at non-toxic doses may be used to disrupt tumor vascu-
lature and prevent tumor progression. The clinical beneﬁts ofAbbreviations: D-PBS, Dulbeccos phosphate-buﬀered saline; DTNB,
5,5 0-dithiobis-nitrobenzoic acid; DTT, dithiothreitol; 2-ME, 2-mercap-
toethanol; GSH, glutathione; NBD-PZ, 4-nitro-7-piperazino-2,1,3-
benzoxadiazole; SDS–PAGE, sodium dodecyl sulphate–polyacryl-
amide gel electrophoresis; SH, sulfhydryl
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doi:10.1016/j.febslet.2008.09.027Vinca alkaloids and taxanes have triggered the search for
new agents targeting microtubules. It is worth noting that
many microtubule-interfering agents are derived from plants
[6].
Herbs are generally deﬁned as any form of plants or plant
products [7], and have traditionally been used worldwide to
treat various diseases. Thus, herbal ingredients form a very
attractive library from which to develop medicines. Ginger,
or Zingiber oﬃcinale, is a well known herb that is consumed
throughout the world as a spice and food. The active ingre-
dients in ginger are 6-shogaol and 6-gingerol, which are sta-
ble within 1 h in the simulated gastric ﬂuid [8].
Interestingly, 6-shogaol and 6-gingerol reduce the viability
of gastric cancer cells via diﬀerent mechanisms [9]. 6-Shogaol
reduces viability by damaging microtubules and inducing mi-
totic arrest. Conversely, 6-gingerol facilitates apoptosis in-
duced by tumor necrosis factor-related apoptosis-inducing
ligand by inhibiting NF-jB activation. It does not, however,
aﬀect the viability of gastric cancer cells alone. 6-Shogaol and
6-gingerol have very similar chemical structures. We expect
that a small diﬀerence on the molecular level is crucial for
their biological activities. The investigation of structure-activ-
ity relationships should therefore identify the chemical groups
responsible for exerting biological eﬀects. Using the chemical
approach, we have identiﬁed the critical relevance of the
chemical structure of 6-shogaol and its action on microtu-
bules.2. Materials and methods
2.1. Agents and cells
We obtained 6-shogaol, 6-gingerol, nonan-2-one, 3-nonene, 3-decen-
2-one, 3-octen-2-one, 3-hepten-2-one and chalcone from Wako Pure
Chemicals (Osaka, Japan), and 3-nonen-2-one from Sigma–Aldrich
(St. Louis, MI) (purity of each agent P 95%). We purchased glycine,
colchicine, vincristine sulfate, paclitaxel, 2-mercaptoethanol (2-ME),
dithiothreitol (DTT), glutathione (GSH) and papain from Wako Pure
Chemicals, L-cysteine from Sigma–Aldrich, human gastric cancer-de-
rived HGC-27 cells from the RIKEN BRC cell bank (Ibaragi, Japan),
4-nitro-7-piperazino-2,1,3-benzoxadiazole (NBD-PZ) from Tokyo
Chemical Industry (Tokyo, Japan) and NBD-PZ–CO–CH‚CH–
(CH2)5–CH3 from Fuji Molecular Planning (Kanagawa, Japan).
2.2. Cell viability assay
HGC-27 cells (1 · 104) were seeded in 96-well plates. One day later
the cells were incubated with agents at 37 C for an additional 24 h.
Viability was determined by CellTiter96 cell proliferation assayblished by Elsevier B.V. All rights reserved.
Fig. 1. Chemical structures and their eﬀects on the viability of HGC-
27 cells. (A) 6-Shogaol and 6-gingerol. The boxed part of 6-shogaol
corresponds to 3-nonen-2-one. (B) 3-Nonen-2-one, nonan-2-one and 3-
nonene. The arrow indicates the b carbon. (C) HGC-27 cells were
incubated with 0–40 lM 3-nonen-2-one (circle), nonan-2-one (square)
or 3-nonene (triangle) at 37 C for 24 h, and the viability of the cells
was determined as described in Section 2. Data represent means ± S.D.
n = 3.
3532 K. Ishiguro et al. / FEBS Letters 582 (2008) 3531–3536(Promega, Madison, WI) using a spectrophotometer (GE Healthcare,
Piscataway, NJ) and expressed as the ratio of absorbance at 490 nm in
the presence versus the absence of the agents.
2.3. Immunocytochemical staining
HGC-27 cells were incubated with 40 lM 3-nonen-2-one, nonan-2-
one or 3-nonene at 37 C for 6 h and ﬁxed with 4% paraformaldehyde
and 0.1% Tween 20 in Dulbeccos phosphate-buﬀered saline (D-PBS)
(Invitrogen, Carlsbad, CA). The cells were incubated with a rabbit
anti-tubulin b antibody (Lab Vision, Fremont, CA) followed by incu-
bation with anti-rabbit IgG antibody conjugated with Alexa Fluor 488
(Molecular Probes, Eugene, OR). The cells were viewed with a ﬂuores-
cence microscope (Keyence, Tokyo, Japan).
2.4. Tubulin polymerization assay
Porcine tubulin was purchased from Cytoskeleton (Denver, CO),
and the tubulin polymerization assay was performed as described pre-
viously [10]. Brieﬂy, 6 lM tubulin was reconstituted on ice in 0.8 M
monosodium glutamate (pH 6.6), 4% dimethyl sulfoxide, 0.75 mM
MgCl2 and 0.5 mM EGTA. The samples were incubated in the absence
or presence of 250 lM 3-nonen-2-one, nonan-2-one, 3-nonene, 25–
100 lM 6-shogaol or 6-gingerol at 37 C for 30 min, chilled on ice
for 5 min, and incubated at 26 C with 400 lMGTP to initiate tubulin
polymerization. Tubulin polymerization was monitored every 2 min by
measuring absorbance at 350 nm with the spectrophotometer. As a
competitor, 1 mM cysteine was used with 6-shogaol.
2.5. Assay of reactive sulfhydryl group contents
Contents of reactive sulfhydryl (SH) groups were determined
according to Ellmans method [11]. Brieﬂy, molecules containing SH
groups were incubated with agents such as 6-shogaol at 37 C in
100 ll of D-PBS and mixed with 25 ll of 2.4 mM 5,5 0-dithiobis-nitro-
benzoic acid (DTNB) (Wako Pure Chemicals). After incubation at
room temperature for an additional 10 min, absorbance was deter-
mined at 412 nm with the spectrophotometer. The reaction of DTNB
with tubulin was >95% complete within 10 min in D-PBS (data not
shown), while previous reports have shown that it is within 17 min
in PIPES buﬀer [12] or 40 min in MES buﬀer [13].
The number of reactive SH groups per a tubulin heterodimer of a
and b subunits was calculated using the extinction coeﬃcient
(14.15 mM1 cm1) of thionitrobenzoate, a product from DTNB
[13]. Reduction (%) was calculated as (absorbance412 in the ab-
sence – absorbance412 in the presence of the agents)/absorbance412 in
the absence · 100.
2.6. Tubulin binding assay
Tubulin (2.5 pmol) was incubated with NBD-PZ–CO–CH‚CH–
CH2)5–CH3 (20 pmol) in the absence or presence of 6-shogaol, 6-ging-
erol, glycine, cysteine, colchicine, vincristine or paclitaxel (5 nmol) at
37 C for 30 min, and subjected to sodium dodecyl sulphate–polyacryl-
amide gel electrophoresis (SDS–PAGE) (non-reduced). After the elec-
trophoresis tubulin was stained with Krypton Protein Stain 1/
100 · (Pierce, Rockford, IL). NBD-PZ–CO–CH‚CH–(CH2)5–CH3
and tubulin were detected with the Typhoon Scanner (GE Healthcare)
using 520BP40 (excitation, 488 nm) and 580BP30 (532 nm) ﬁlters,
respectively.3. Results and discussion
6-Shogaol (1-[4-hydroxy-3-methoxyphenyl]-4-decen-3-one)
and 6-gingerol (5-hydroxy-1-[4-hydroxy-3-methoxyphenyl]-
decan-3-one) closely resemble each other (Fig. 1A). Unlike 6-
gingerol, we have previously shown that 6-shogaol damages
microtubules, induces mitotic arrest and reduces the viability
of gastric cancer cells (HGC-27 cells, IC50 = 6 lM; AGS cells,
6 lM; Kato cells, 10 lM), and that the administration of 6-
shogaol suppresses the growth of tumor transplanted to nude
mice [9]. 6-Shogaol contains the structure –C‚C– near the
carbonyl group, while 6-gingerol does not. We therefore fo-
cused on the boxed part of 6-shogaol as shown in Fig. 1A,which corresponds to 3-nonen-2-one (Fig. 1B). We also used
nonan-2-one and 3-nonene (Fig. 1B) to evaluate the eﬀects
on the viability of gastric cancer-derived HGC-27 cells and
microtubule assembly.
3.1. The –CO–C‚C– structure is critically relevant to the
viability of gastric cancer cells and microtubule assembly
3-Nonen-2-one reduced the viability of HGC-27 cells in a
concentration-dependent manner (IC50 = 28 lM) (Fig. 1C).
Conversely, the viability was not aﬀected with nonan-2-one
or 3-nonene (Fig. 1C). To determine the eﬀect on microtu-
bules, HGC-27 cells were incubated with the agents, and the
distribution of tubulin, a major constituent of microtubules,
was observed. 3-Nonen-2-one disrupted the distribution of
tubulin (Fig. 2) in a manner similar to that observed in the cells
treated with 6-shogaol [9], while nonan-2-one and 3-nonene
did not (Fig. 2). To assess the eﬀect on tubulin polymerization,
tubulin was incubated with 3-nonen-2-one, after which tubulin
polymerization was monitored every 2 min. With this, we con-
ﬁrmed that 3-nonen-2-one inhibited tubulin polymerization,
unlike nonan-2-one and 3-nonene (Fig. 3A). 6-Shogaol also
inhibited tubulin polymerization (IC50 = 32 lM), while 6-
gingerol did not (Fig. 3B). These ﬁndings indicate the critical
relevance of –CO–C‚C–, the characteristic structure of a,b-
unsaturated carbonyl compounds, to microtubule damage.
Fig. 2. Eﬀects on the distribution of tubulin in HGC-27 cells. HGC-27
cells were incubated with 40 lM 3-nonen-2-one, nonan-2-one or 3-
nonene at 37 C for 6 h and tubulin was stained with anti-tubulin b
antibody and a second antibody conjugated with Alexa Fluor 488.
Three independent experiments showed similar results. Bar, 10 lm.
Fig. 3. Eﬀects on tubulin polymerization. (A) Tubulin samples (6 lM)
were incubated in the absence (closed circle) or presence of 250 lM 3-
nonen-2-one (open circle), nonan-2-one (open square) or 3-nonene
(open triangle), and then tubulin polymerization was monitored every
2 min by measuring absorbance at 350 nm as described in Section 2.
(B) Tubulin samples (6 lM) were incubated in the absence (closed
circle) or presence of 25–100 lM 6-shogaol (open circle) or 100 lM 6-
gingerol (open square), followed by the monitoring of tubulin
polymerization.
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in tubulin
a,b-Unsaturated carbonyl compounds have the capacity to
add nucleophiles (e.g., SH groups) to the b carbon (Fig. 1B,
arrow), forming a covalent bond to the b carbon [14], a mech-
anism referred to as the Michael reaction. Although functional
cysteine residues have not been precisely identiﬁed, certain SH
groups of the cysteine residues are involved in tubulin poly-
merization [13,15]. This suggests that a,b-unsaturated car-
bonyl compounds such as 6-shogaol can bind to tubulin via
reacting with SH groups of cysteine residues, resulting in the
microtubule damage. We therefore determined the content of
reactive SH groups in tubulin after incubation with 6-shogaol.
Microtubules are formed via tubulin polymerization, and
tubulin is composed of a heterodimer of a and b subunits.
The a and b subunits have 12 and eight cysteine residues,
respectively. We performed Ellmans method, calculated the
number of reactive SH groups, and found that 17–18 SH
groups per a tubulin dimer were reactive (Fig. 4A), as reported
previously [13]. 6-Shogaol reduced the content of reactive SH
groups in tubulin (Fig. 4A), but 6-gingerol did not (Fig. 4B).
We also observed that, unlike nonan-2-one and 3-nonene, 3-
nonen-2-one reduced the content of SH groups (Fig. 4B).Interestingly, 6-shogaol was more eﬀective than 3-nonen-2-
one in the inhibition of tubulin polymerization and the de-
crease in the content of reactive SH groups (Fig. 3 and
Fig. 4B). These ﬁndings are consistent with a previous report
that showed that the inhibition of tubulin polymerization is
associated with the decrease in the content of reactive SH
groups in tubulin [16]. We then compared the eﬀects of four
a,b-unsaturated carbonyl compounds (3-decen-2-one, 3-
nonen-2-one, 3-octen-2-one and 3-hepten-2-one: CH3–CO–
CH‚CH–(CH2)5–2–CH3) to see if the reaction with the SH
groups depends on the chain length of a,b-unsaturated car-
bonyl compounds. The longer the chain length was, the more
the a,b-unsaturated carbonyl compound reduced the content
of the SH groups (Fig. 4C). The dependence of the reaction
on the chain length may at least partially explain why 6-sho-
gaol reduces the content of SH groups in tubulin more than
3-nonen-2-one. Previous reports have suggested that steric ef-
fects are involved in interactions with tubulin [17–19]. The
chain length may be important for a,b-unsaturated carbonyl
compounds to penetrate the interior of tubulin. Certain chal-
cone derivatives, which consist of two phenyl rings linked by
an a,b-unsaturated carbonyl compound moiety (phenyl ring–
CO–CH‚CH–phenyl ring), are known to inhibit tubulin
polymerization [20,21]. We compared the eﬀects of 6-shogaol
and chalcone on the content of reactive SH groups in tubulin
and observed that chalcone reduced the content of SH groups
much less than 6-shogaol. The chain length of the a,b-unsatu-
rated carbonyl compound moiety of 6-shogaol may be critical
for the reaction with SH groups in tubulin. It has been sug-
gested that the tubulin interactive chalcone derivatives have
similar chemical structures to colchicine and that the chalcone
derivatives may inhibit tubulin polymerization mainly via
binding to the colchicine site in tubulin [20,21].
Fig. 4. Eﬀects on the content of reactive SH groups in tubulin. (A)
Tubulin (2 lM) was incubated in the absence (closed circle) or presence
(open circle) of 100 lM 6-shogaol at 37 C for 0–40 min, and the
number of reactive SH groups per a tubulin dimer was determined as
described in Section 2. (B) Tubulin (2 lM) was incubated with 100 lM
6-shogaol, 100 or 500 lM 6-gingerol, 250 or 500 lM 3-nonen-2-one,
500 lM nonan-2-one or 3-nonene at 37 C for 30 min. (C) Tubulin
(2 lM) was incubated with 500 lM 3-decen-2-one, 3-nonen-2-one, 3-
octen-2-one or 3-hepten-2-one at 37 C for 30 min. (D) Tubulin (2 lM)
was incubated with 100 lM 6-shogaol, 100 or 500 lM chalcone at
37 C for 30 min. The number of reactive SH groups was determined
for each after the incubation period.
Fig. 5. Co-migration of tubulin and a ﬂuorescent a,b-unsaturated
carbonyl compound on SDS–PAGE. (A) Tubulin (2.5 pmol) and
NBD-PZ–CO–CH‚CH–(CH2)5–CH3 (20 pmol) were incubated in the
absence or presence of 6-shogaol or 6-gingerol (5 nmol) at 37 C for
30 min. (B) Tubulin (2.5 pmol) and NBD-PZ–CO–CH‚CH–(CH2)5–
CH3 (20 pmol) were incubated in the absence or presence of glycine or
cysteine (5 nmol) at 37 C for 30 min. (C) Tubulin (2.5 pmol) and
NBD-PZ–CO–CH‚CH–(CH2)5–CH3 (20 pmol) were incubated in the
absence or presence of colchicine, vincristine or paclitaxel (5 nmol) at
37 C for 30 min. Each was then subjected to SDS–PAGE as described
in Section 2.
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a,b-unsaturated carbonyl compound labeled with a ﬂuorescent
dye, NBD-PZ–CO–CH‚CH–(CH2)5–CH3, and subjected the
samples to SDS–PAGE. NBD-PZ–CO–CH‚CH–(CH2)5–
CH3 co-migrated with tubulin (Fig. 5A, third lane). This co-
migration was impaired with 6-shogaol, but not 6-gingerol(Fig. 5A, fourth and ﬁfth lanes, respectively). The co-migration
was also impaired with cysteine (Fig. 5B, fourth lane). These
ﬁndings indicate that a,b-unsaturated carbonyl compounds
bind to tubulin by reacting with SH groups of cysteine resi-
dues. Moreover, we evaluated the inﬂuences of the microtu-
bule-interfering agents on the co-migration of tubulin and
NBD-PZ–CO–CH‚CH–(CH2)5–CH3. We observed that the
impairment of the co-migration was much lower in the pres-
ence of colchicine, vincristine or paclitaxel (Fig. 5C) than in
the presence of 6-shogaol (Fig. 5A) or cysteine (Fig. 5B).
Although the microtubule-interfering agents can aﬀect the
reactivity of SH groups in tubulin [15], colchicine, vincristine
and paclitaxel interact primarily with the b subunit of tubulin
[22,23]. We presume that a,b-unsaturated carbonyl com-
pounds bind to the a and b subunits of tubulin such that the
inﬂuences of the microtubule-interfering agents are minimal.
To conﬁrm the relevance of cysteine residues in tubulin to
the action of 6-shogaol, we performed a tubulin polymeriza-
tion assay and a cell viability assay using cysteine as a compet-
itor. The excess amount of cysteine markedly suppressed the
eﬀects of 6-shogaol on tubulin polymerization and cell viability
(Fig. 6).
3.3. Reaction of 6-shogaol with SH groups in various molecules
We compared the reaction of 6-shogaol with SH groups in
various molecules. Preliminary experiments showed that simi-
lar contents of reactive SH groups were determined in 2 lM
Fig. 6. Competition tests with cysteine. (A) Tubulin samples (6 lM)
were incubated in the absence (closed circle) or presence of 50 lM 6-
shogaol (open circle), 1 mM cysteine (open square) or both (open
triangle), and tubulin polymerization was monitored by measuring
absorbance at 350 nm. (B) HGC-27 cells were incubated with 10 lM 6-
shogaol, 1mM cysteine or both at 37 C for 24 h, and the viability of
the cells was determined.
Fig. 7. The reaction with SH groups in various molecules. (A) To
compare contents of reactive SH groups, 25 ll of DTNB was mixed
with 100 ll of tubulin (2 lM), cysteine (20–80 lM), 2-ME (20–80 lM),
DTT (10–40 lM), GSH (20–80 lM) or papain (20–80 lM), and
incubated at room temperature for 10 min, after which absorbance
was determined at 412 nm. Tub, tubulin; Cys, cysteine. (B and C) To
compare the reaction with SH groups, cysteine (40 lM), 2-ME
(40 lM), DTT (20 lM), tubulin (2 lM), GSH (40 lM) or papain
(40 lM) were incubated in the absence or presence of 100 lM 6-
shogaol (B) or 500 lM 3-decen-2-one (C) at 37 C for 30 min, mixed
with DTNB, and incubated at room temperature for additional
10 min, after which absorbance was determined at 412 nm. Reduction
(%) was calculated as described in Section 2.
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GSH and 40 lM papain (a cysteine protease) (Fig. 7A). We
therefore performed experiments using these concentrations.
6-Shogaol dramatically reduced the content of SH groups in
cysteine, but not in 2-ME or DTT (Fig. 7B). The SH groups
in tubulin, GSH and papain originate from their cysteine res-
idues. 6-Shogaol, however, reduced the content of SH groups
in tubulin much more than in GSH and papain (Fig. 7B).
These ﬁndings indicate the speciﬁc reaction of 6-shogaol with
SH group-containing cysteine residues in tubulin. Similar re-
sults were observed using 3-decen-2-one (Fig. 7C).
The reaction of SH groups of cysteine residues can be af-
fected with a polypeptide backbone [24]. Although the precise
mechanism remains unknown, tubulin may generate environ-
ments that keep SH groups of cysteine residues reactive with
a,b-unsaturated carbonyl compounds. The cysteine residue in
GSH is in the vicinity of glutamic acid and glycine residues.
Papain has a reactive SH group of cysteine residue 25, which
is involved in protease activity [25], and cysteine 25 is in the
vicinity of serine and tryptophan residues. Kyte and Doolittle
have determined hydropathy values for amino acids (the larger
the value is, the more hydrophobic the amino acid) [26]. The
hydropathy values for glutamic acid, glycine, serine and tryp-
tophan are 3.5, 0.4, 0.8 and 0.9, respectively. Although
the carboxyl group of the glutamic acid side chain is linked to
the amino group of cysteine in GSH [27], the glutamic acid res-
idue has a hydrophilic nature due to the carboxyl group of its
primary chain [26]. Conversely, 15 of 20 cysteine residues in
tubulin are in the vicinity of one or two residues of amino acids
that have hydropathy values >1.0 according to the amino acid
sequences of the a and b subunits (UnitProtKB, Accession
Nos. P02550 and P02554). The hydrophobic amino acid resi-
dues may interact with a,b-unsaturated carbonyl compounds
and facilitate the reaction between SH groups of cysteine resi-dues and a,b-unsaturated carbonyl compounds. The hydro-
phobic interaction may also be involved in the dependence
of the reaction on the chain length of a,b-unsaturated carbonyl
compounds. Although there is no report regarding the rele-
vance of the hydrophobic interaction to the reaction between
a,b-unsaturated carbonyl compounds and SH groups in tubu-
lin, previous studies have indicated the existence of hydropho-
bic interactions in the binding of tubulin to microtubule-
interfering agents such as colchicine [28,29]. Gupta et al. have
3536 K. Ishiguro et al. / FEBS Letters 582 (2008) 3531–3536suggested that the binding to colchicine is attenuated with the
alteration of leucine 241 and alanine 317 to serine and threo-
nine in the b subunit of tubulin [28]; however, further investi-
gation is required to explain why a,b-unsaturated carbonyl
compounds react much less with SH groups in 2-ME and
DTT than in cysteine.
In conclusion, we have investigated the molecular mecha-
nism of the 6-shogaol action on microtubules and demon-
strated the speciﬁc reaction of 6-shogaol with SH groups of
cysteine residues in tubulin leading to microtubule damage.
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